Platelets in cancer
Platelets, anucleated cells derived from megakaryocytes, are recognized for their essential role in hemostasis. When a wound is formed, platelets adhere to the vessel wall through specific cell surface-ligand interactions, which results in platelet activation, aggregation through fibrinogen bridging, and the formation of a primary hemostatic plug. Thrombin, generated through activation of the coagulation cascade, subsequently cleaves fibrinogen to form a stable fibrin clot that prevents bleeding and contributes to the healing processes. This function of platelets is critical to prevent us from bleeding to death upon injury. However, aberrant platelet activation is known to contribute to diseases such as thrombosis, and it is therefore important that the process of platelet activation is strictly regulated.
Tumors have been described as wounds that do not heal (1) . For example, tumors are characterized by constitutive angiogenesis and inflammation. Stroma production and infiltration of fibroblasts are other similarities between tumors and wounds.
Individuals with cancer have an increased risk for thrombotic events, and thrombosis is a major contributor to morbidity and mortality in cancer patients (2) . Several factors contribute to the pro-thrombotic state associated with malignant disease (3) . The leaky tumor vasculature enables fibrinogen leakage into the extravascular space, which in the presence of thrombin, expressed for instance by tumor cells, can be cleaved to form a fibrin clot. Moreover, clotting factor expression is often altered in the presence of a tumor. Expression of pro-coagulant factors such as tissue factor (TF), the inducer of the extrinsic coagulation pathway, and cancer procoagulant (CP), is frequently enhanced, and levels of anticoagulant factors such as tissue plasminogen activator are reduced. In addition to this, platelet activation and turnover is often increased in individuals with cancer. The tumor vessel leakiness contributes to platelet activation in the tumor due to exposure of subendothelial factors such as collagen and TF. Furthermore, aberrant expression of TF and CP by tumor cells and the tumor microenvironment contributes to activation of platelets (2) . High platelet counts are considered a poor prognostic factor in many cancer types, and a high platelet-lymphocyte ratio has been suggested to predict poor patient outcome (4) (5) (6) (7) (8) .
Besides contributing to thrombosis, activated platelets can promote tumor progression. Upon activation, platelets release a plethora of factors that modulate the tumor microenvironment. Pro-angiogenic growth factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) are released from alpha-granules of activated platelets and stimulate tumor angiogenesis. Release of pro-inflammatory cytokines drives recruitment of leukocytes, which contribute to remodeling of the extracellular matrix and the angiogenic process. Platelets are also recognized as promoters of metastasis via several distinct mechanisms. Platelets can enhance epithelial to mesenchymal transition and tumor cell survival in the circulation, extravasation, and colonization at the secondary site (9, 10) . The importance of platelet support to enable establishment of metastases in secondary organs is illustrated by numerous studies in mice, revealing that inhibition of platelet activation efficiently suppresses metastasis (9, (11) (12) (13) .
While the role of platelets in hemostasis and thrombosis has been known for long, platelets have more recently emerged as critical regulators of inflammation. This review will focus on the role of platelets as inflammatory regulators in cancer and their impact on tumor progression and cancer-associated systemic disease ( Figure 1 ).
Thrombosis contributes to vascular inflammation
A link between cancer and thrombosis was recognized already in the mid-nineteenth century, when Armand Trosseau discovered that thrombotic events were frequently caused by presence of occult tumors (14) . It is nowadays well known that cancer patients have an elevated risk for thrombosis and that this significantly contributes to cancer-associated death (15) .
Thrombi formation is one potential cause of inflammation in distant organs of cancer patients. A thrombus in the microvasculature will cause vessel occlusion and prevent normal blood flow. Reduced vascular perfusion will be sensed by the vessel wall and result in activation of the endothelium-a process that promotes inflammation. Upon endothelial activation, adhesion molecules responsible for capture and extravasation of leukocytes will be expressed. In a stepwise process, these endothelial receptors will allow leukocytes, such as neutrophils, to adhere to the endothelium, migrate through the vessel wall, and enter the tissue (16) . The first response takes place only within minutes after endothelial activation is induced, when preformed P-selectin stored in Weibel Palade-bodies is released from endothelial cells and displayed on the endothelial surface (17) . Leukocytes bind transiently and weak to selectins on the endothelium via P-selectin glycoprotein ligand-1 (PSGL-1) on their surface. In parallel, de novo formation of both P-and E-selectin is induced, together with integrin receptors such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). These CAMs are responsible for firm adhesion of the leukocytes, by interacting with integrins such as lymphocyte function associated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1). The integrin-mediated interactions will also induce signaling events in the endothelial cells leading to loosening of the endothelial junctions, facilitating transendothelial migration, and transcription of additional pro-inflammatory factors. The infiltrating immune cells will produce and secrete pro-inflammatory factors that will recruit more leukocytes to the site and hence exacerbate the inflammation. However, it may be worth to notice that platelets themselves actively participate in capturing of leukocytes. Activated platelets do also express receptors on their surface that allows direct interactions with immune cells, such as P-selectin and CD40L (18, 19) . A study by Sreeramkumar et al.
exemplifies the significance of platelet P-selectin and leukocyte PSGL-1 in inflammation (20) . It was shown that neutrophils that interact with activated endothelium polarize and protrude the trailing end of the cell body, the uropod, into the vessel lumen. The uropod contains PSGL-1 clusters that can "catch" activated platelets in the circulation expressing P-selectin. When this interaction takes place, the neutrophil is able to organize additional receptors needed for transmigration of the endothelium and initiate inflammation (20) .
Several studies also indicate that endothelial activation promotes metastasis (21) . Recruitment and transmigration of leukocytes into the tissue is likely an important factor for this effect. Formation of pre-metastatic niches have been described, where VEGFR1+ leukocytes prepare the "soil" for incoming metastatic tumor cells (22) . Hypothetically, endothelial activation in distant organs due to thrombosis could directly promote extravasation of tumor cells. It has been described that selectins expressed by activated endothelial cells can be used as a transmigration route also by extravasating tumor cells (23) (24) (25) . In this way, vascular inflammation induced by thrombosis could stimulate tumor cell entry into tissues of distant organs.
Secretion of pro-inflammatory factors from platelets contribute to tumor progression and inflammation
Leukocytes can make up a significant amount of the total cell count in the primary tumor. Macrophages, for example, are highly abundant in the tumor microenvironment and affect various processes during malignant progression from tumor initiation to metastasis (26) . Neutrophils are often less numerous but are nonetheless critical modulators of tumor development and progression (27) . For example, neutrophils can mediate the initial angiogenic switch in a mouse model of pancreatic neuroendocrine tumorigenesis, an effect attributed to secretion of the matrix metalloproteinase 9 (28) .
Platelets contain several pro-inflammatory factors that are released upon platelet activation, such as CXCL1, CXCL4, CXCL5, CXCL7, CXCL12 (SDF-1), and interleukin (IL)-8 (29) . These factors are potent recruiters and activators of leukocytes like neutrophils and monocytes. However, these molecules are not only produced by platelets and pro-inflammatory factors produced by various cell types can contribute to leukocyte recruitment. Besides these preformed factors that are immediately released upon platelet degranulation, platelet activation results in synthesis of IL-1β from a pre-mRNA stored in the platelet (30) . IL-1β upregulates expression of endothelial leukocyte adhesion molecules and induces TF expression on Figure 1 . The pro-inflammatory roles of platelets in cancer. Platelets contribute to cancer-associated inflammation in several ways. Enhanced platelet activation in the presence of a tumor elevates the risk for thrombosis (left panel). Intravascular thrombi may cause vessel occlusion, impair vascular perfusion, and cause endothelial activation with upregulation of adhesion molecules such as E-selectin, P-selectin, ICAM, and VCAM. These receptors mediate leukocyte extravasation into the tissue but can also directly or indirectly promote extravasation of cancer cells. Activated platelets degranulate and secrete proinflammatory factors, such as CXCL5 and CXCL7, contributing to leukocyte recruitment (middle panel (32) . Moreover, platelets constitute a major source of transforming growth factor (TGF)-β in the circulation (33) . Enhanced platelet activation results in increased release of TGF-β, which can promote tumorigenesis in different ways. TGF-β is a potent immunosuppressive cytokine and elevated expression in tumors promotes escape from recognition and killing of tumor cells by the immune system (34) .
How leukocytes impact tumor development and progression is a complex issue, which has led to attempts to divide both macrophages and neutrophils into subgroups with different properties and effects on tumor progression. For macrophages, a division into M1-and M2-macrophages has been established, with M1-macrophages having a tumor-suppressive phenotype, while M2-macrophages, on the other hand, are tumor promoting (35) . Such a categorization is, however, now regarded as too simplistic and a spectrum of macrophage phenotypes is probably more likely than a strict polarization into anti-or pro-tumorigenic. A similar attempt to divide neutrophils into N1-and N2-neutrophils has been made, but also here the situation is likely to be more complex. Undoubtedly, leukocytes in the tumor microenvironment are more plastic than previously assumed. One factor implicated in pushing the neutrophils toward a pro-tumorigenic phenotype is TGF-β (36). Platelets are a rich source of TGF-β (37), and platelets activated by the tumor will contribute to the TGF-β levels in the microenvironment.
Leukocytes are not only involved in modulation of the tumor microenvironment but also contribute to metastasis. Numerous studies reveal that both neutrophils and macrophages support survival and growth of metastatic tumor cells, for example, by promoting angiogenesis. The concept of pre-metastatic niches was presented about a decade ago, suggesting that primary tumors prepare the environment in distant organs to support growth and survival of incoming metastatic tumor cells (38) . The niche formation is orchestrated to a large extent by leukocytes, which are recruited to the distant sites by soluble pro-inflammatory factors produced by the primary tumor. Recent data now suggest that platelets may have a crucial role for leukocyte recruitment to premetastatic niches. A study published a few years ago revealed that interaction between platelets and tumor cells in the vasculature was required for recruitment of neutrophils to the metastatic site (39) . The neutrophils, essential for metastasis to form, were recruited to the site by CXCL5 and CXCL7, secreted by platelets upon contact with tumor cells. Platelet depletion completely suppressed neutrophil recruitment to the metastatic site, which strongly indicates that platelets have a critical role as neutrophil attractants. Platelets are also a rich source of CXCL12 that function as a chemotactic factor to recruit CXCR4-positive cells such as macrophages to the metastatic site (40) .
Platelets can induce production of pro-inflammatory factors from other cells in the tumor microenvironment and in this way indirectly promote recruitment of leukocytes to primary and metastatic tumors. For example, platelets have been shown to induce CCL2 expression in tumor cells, and CCL2 can recruit monocytes that promote metastatic seeding at distant sites (10, (41) (42) (43) . Similarly, platelets, together with leukocytes and tumor cells, induced CCL5 secretion from endothelial cells in an experimental model of colorectal cancer, which enhanced metastatic seeding due to recruitment of monocytes (44) .
We are not aware of studies directly connecting thrombocytopenia or thrombocytosis to modulation of inflammation in cancer patients. There are however other inflammatory diseases such as atherosclerosis, where a connection to platelet chemokines has been demonstrated (45).
Tumor-induced NET formation: a potential role for platelets?
Next to their role as leukocyte recruiters, platelets have more recently been implicated in the formation of neutrophil extracellular traps (NETs). Formation of NETs was first described in 2004 as an innate immune defense mechanism used to combat severe bacterial infections (46) . During NET formation, activated neutrophils release their chromatin and granular content, resulting in the formation of web-like structures made up of extracellular DNA strands with associated proteins such as histones and neutrophil proteases. This web can physically trap pathogens, while the local high concentration of antimicrobial agents in the NETs enables efficient killing of the bacteria. The initial finding of bacterial-induced NET formation has been followed by numerous studies, describing a role for NETs also in sterile inflammation, for example in cancer (47, 48) . NETs were first detected in mice with cancer (49), but were soon thereafter found in biopsies from human tumors (50) .
While formation of NETs may be beneficial to fight an infection, this process is also a threat to the individual since it is associated with vascular damage (51) (52) (53) . Moreover, NETs have a pro-thrombotic effect since extracellular DNA activates platelets (54) . NETs also promote binding and activation of factor XII, inducer of the intrinsic coagulation pathway (55) . In this way, netting neutrophils promote thrombotic disease, a phenomenon sometimes referred to as immunothrombosis. Despite the apparent disadvantages of NET formation for the host, formation of NETs may be a last resort to protect the individual from life-threatening sepsis during a severe infection. This fine edge between benefit and risk when it comes to NET formation indicates that a strict regulation is needed to ensure that NETs are not formed if not necessary. During infection, platelets have been identified as such regulators by sensitizing the level of bacteria-derived lipopolysaccharide (LPS). Platelets bind LPS via Toll-like receptor 4 on their surface and induce NET formation in neutrophils only when the LPS concentration has reached a critical level (56) . Furthermore, interaction between P-selectin, soluble or on the platelet surface, and PSGL-1 on neutrophils, was shown to promote NET generation in murine neutrophils (57) . Several other reports further support a critical role of platelets as regulators of NET formation in different conditions (58) .
So why are NETs formed in cancer patients and what are the consequences? Two tumor-derived factors that have been identified as inducers of NETs are granulocyte colony-stimulating factor (G-CSF) and IL-8 (49, 59, 60) . If platelets play a role also in tumor-induced NET formation is currently not known, but not unlikely considering the elevated platelet activation in individuals with cancer. It was recently suggested that platelets prime tumor cells to promote NET formation (33) . The authors suggest that this effect is due to platelets acting as carriers of tumor-derived exosomes, which in turn promote NET generation. A role for tumor-derived exosomes in the formation of NETs is also supported by another recent study, but platelets were not considered as carriers of the exosomes in this report (61) .
NETs have been implicated in tumor progression and metastasis (62) (63) (64) , but also in systemic effects associated with cancer. These systemic effects are often connected to the pro-thrombotic role of NETs. NETs have been shown to promote thrombosis both in tumorbearing mice and in cancer patients (49, 61, 65) . Moreover, NETs in association with platelets contribute to kidney injury in mice with cancer (60, 66) . This effect was associated with vessel occlusion and could be suppressed by removal of NETs by treatment with DNase I or by prevention of de novo NET formation using an inhibitor of the enzyme peptidylarginine deiminase 4 (PAD4).
While accumulating data support that platelets induce NET formation during infection, more solid support is needed to clarify which importance platelets have in tumor-associated NET formation.
Activated platelets as therapeutic targets to treat cancer
The role of platelets in regulation of cancer-associated inflammation and thrombosis suggests that tumor-induced platelet activation is a potential therapeutic target. However, such approaches would have to be carefully designed to avoid risk for bleedings, considering the importance of platelets as regulators of hemostasis. Low-molecularweight heparin is used in the clinic to treat cancer-associated thrombosis (67) . A direct anticancer function of heparin has been suggested, but the relevance of such effects has been debated (68, 69) . Several studies have recently reported an anticancer effect of aspirin (70) (71) (72) . Aspirin has been in clinical use for more than a century to treat patients with coagulopathies such as acute coronary syndrome. Acetylsalicylic acid, the functional substance of aspirin, inhibits COX-enzymes involved in generation of thromboxane A2, a potent inducer of platelet activation and aggregation. A protective effect of aspirin in the preventive setting, especially for colorectal cancer, was discussed already in the late twentieth century (73) . In 2016, a study including more than 130 000 persons and with a follow-up time of more than 30 years revealed that regular use of aspirin was associated with significantly decreased risk for developing cancer, especially tumors of the gastrointestinal tract (74) . The antitumor effect of aspirin seems to be achieved with doses of aspirin around 75 mg/ day, with no further therapeutic benefit if the dose is increased. This indicates that regular use of aspirin at low doses, associated with limited risks for unwanted side effects such as bleeding, could be a strategy to prevent cancer. A number of clinical trials are currently ongoing to evaluate the therapeutic effect of aspirin treatment in cancer patients (75) . Whether the effects of aspirin in cancer patients are platelet-dependent is however still not clear and warrants further investigation. Another potential strategy to suppress platelet activation is to target ADP-mediated platelet activation with inhibitors of the P2Y12 receptor, such as clopidogrel. Several studies indicate that such therapeutic approaches, alone or in combination with aspirin, could be effective to treat cancer (76) .
To conclude, it is clear that inflammatory factors impact on tumor development and progression. Platelets have emerged as potent influencers of cancer-associated inflammation as they are involved in endothelial activation, recruitment of leukocytes, and formation of NETs. To limit platelet activation in cancer patients is therefore a relevant aspect to take into account when designing new therapeutic approaches to treat cancer.
